Single-walled carbon nanotubes (SWNTs) are exciting candidates to use as active constituents in devices and sensors because of their nanoscale dimensions, high aspect ratios, large specific surface areas, and outstanding mechanical and electronic properties. [1] [2] [3] [4] [5] [6] [7] [8] However, use of SWNTs for actual applications in devices and sensors has proven problematic due to their intrinsic chemical inertness, the difficulty to control their chirality (which imbues them with semiconductor or metallic electronic properties), and especially their extremely low solubility in most common solvents. Other researchers have attempted to fine-tune the properties of carbon nanotubes through chemical functionalization in order to overcome the solubility challenge. 9, 10 In general, it has been found that chemical functionalization of carbon nanotubes for solubility purposes also impacts chemical interaction specificity and sensitivity, as well as significantly alters a nanotube's physical, electronic and optical properties. 3 Such alterations, in fact, can enhance the application potential for nanotubes as active agents in sensors and devices. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] In this paper, we report results for an initial effort (with bromine atoms as the SWNTs adduct) that we have undertaken to modify the interaction affinity of SWNTs for sensing of a number of single component analyte vapors. Subsequent efforts will deal with other covalent adducts, with the aim of creating a finger-print response matrix for a given vapor component in a multicomponent vapor with the various covalently modified SWNT coated electrodes. The sensing system that we seek to develop would be able to measure, with high accuracy, the fractional composition of the various components in a complex vapor, thus aiding in identifying the source of the vapor. Such a system is broadly referred to as an e-nose.
Efforts at developing CNT-based gas sensors have centered primarily on two approaches to transduce an analyte's signal (e.g., concentration) directly into an electrical signal. One involves incorporation into a chemical field-effect transistor (ChemFET) configuration. The second involves creation of a chemical resistor (Chemiresistor) element. In the ChemFET configuration the CNT or an ensemble of CNT are electrically contacted across a source and drain. The conductance across the CNT is then modulated using a gate, where, in essence, the gate is a third electrode capacitavely coupled through a thin dielectric layer to the CNT or CNT ensemble.
In the Chemiresistor configuration, the conductance of a single tube or an ensemble is measured across two electrodes. Obviously, creation of a Chemiresistor is simpler and cheaper to produce, as well as requires less complex ancillary electronics to operate. 21 Both the Chemiresistor and ChemFET configurations can operate with either pristine or functionalized tubes. However, as mentioned vide supra, the use of functionalized tubes can lead to improved sensing performance since, for example, the chemical affinity can be tuned to enhance sensitivity. The two main surface functionalization approaches for CNTs involve noncovalent or covalent interactions. Noncovalent functionalization is typically based on supramolecular complexation through van der Waals, electrostatic and π-stacking interactions, that result in surface adsorption of molecules. 22, 23 Covalent functionalization of CNT, as the name suggests, involves a covalent bond between the CNT and the molecule or atom being attached, and is hence the more stable functionalization approach.
Typically, covalent functionalization is achieved by the esterification or amidation of carboxylic acid groups. [24] [25] [26] Another useful functionalization strategy involves creation of halogen radicals. 27, 28 Usually the functionalization of carbon nanotubes with halogens is achieved by oxidizing F 2 gas, [29] [30] [31] followed by electrochemical treatment with Br 2 and Cl 2 , 32 or using elemental iodine through a modified Hunsdiecker-type reaction. 33 Functionalization with halogens, which are electron-withdrawing entities, leads to the formation of carbon-halogen bonds, which create defect sites in the sidewalls of CNTs, resulting mainly in changes in the tubes' electronic properties. 34 For example, Bahr et al. 35 reported changes in the electronic conductivity of fluorine-functionalized SWNTs; they found a resistance > 20 MΩ as compared to 10 -15 Ω for pristine SWNT.
In terms of bromine-based functionalization of CNT, the literature is quite sparse. A small number of publications have reported the bromination of the sidewall of a carbon nanotube. Mazov et al. 36 have reported studies on multiwall CNT halogenation by means of direct vapor-phase bromination, and demonstrated a 2.5 wt.% yield.
Colomer et al. 27 have reported studies dealing with the bromination of doubled-walled carbon nanotubes through the use of a microwave-assisted, bromination technique. Higher yields of between 30 and 40 wt % can be obtained by the direct chemical vapour deposition synthesis of nanotubes. 37 To our knowledge, no studies have been reported that utilize photobromination to form bromine radicals from Nbromosuccinamide to promote the addition of bromine to the sidewall of SWNTs. Here, in pursuit of developing a platform for chemical sensing, we have identified a facile and efficient photobromination technique for the covalent sidewall functionalization of SWNT with bromine. In this process the radiation source cleaves the bromine molecule into radicals by photolysis. The generated free radicals can then be expected to attack the CNT wall much like radicals do in diazotization that leads to conjugation with benzene. 35 The process is illustrated in Scheme 1 below.
Scheme 1: Formation of brominated SWNT using N-bromosuccinamide (N-BROMOSUCCINIMIDE) for bromine radical formation via photolysis in dichloromethane.
Remarkably high functionalization yields of between 15 -25 wt.% are found for this photolysis reaction. In so far as we are aware this is the highest post-synthesis bromination yield obtained. Herein, the as-produced brominated SWNT have been used as active agents for electronic nose-type (e-Nose) applications aimed at vapor compositional analysis (i.e., vapor analysis).
Poly-brominated-SWNT nanotubes were fabricated by photolytic decomposition of N-bromosuccinamide (yellow in color) in the presence of pristine nanotubes. Typically, 20 mg of the SWNT sample was sonicated in 15 mL of dichloromethane for 20 minutes. The dispersed mixture was then poured into a 100 mL round bottom flask. N-bromosuccinamide (11 mg) was then added, which resulted in the formation of a dark orange-color dispersion. The dispersion was then refluxed while irradiated through the bottom of the flask with light from a conventional 100 watt incandescent light bulb (General Electric, A19 incandescent bulb). Exposure of the dispersion to the radiation promotes the formation of free bromine radicals. The reaction was allowed to run for about 15 minutes during which time out-gassing of gaseous components (oxides of nitrogen, oxides of carbon, hydrogen bromide). Then, 21 mg of Nbromosuccinamide was added to the dispersion to further drive the reaction. The reaction was allowed to continue uninterrupted for another 90 minutes, after which a bright yellow dispersion formed with a phase separated suspension on top. At this point, the radiation source was lowered below the reaction flask (from 5 mm to 40 mm) to reduce the reaction rate. The reaction was allowed to proceed for another 10 hours. For other syntheses studies, the reaction procedure was modified by allowing the final step to occur for durations of 24 and 48 hours. In all cases, after the reaction, a light yellowish dispersion was obtained with no heterogeneous suspension. The dispersion was cooled and filtered through a PTFE membrane (0.45 µm, 25mm), and a resulting precipitate was washed thoroughly with chloroform followed by several washing with diethyl ether. The resultant product was dried overnight at 60 °C in a Napco 5861 vacuum oven.
To fabricate the gas sensors, the SWNT functionalized with bromine sample was first dispersed in mCresol (Sigma Aldrich: 98+ %)), then spin-coated onto a commercially prepared substrate consisting of an array of interdigitated, microstructured gold electrodes. The SWNT mat coated electrode apparatus was then dried at 60 o C in a conventional oven for 10 minutes. The resulting electrically contacted SWNT mat served as the active sensing element. The fabrication process is schematically represented in Figure S1 in the Supporting Information (SI) document. The experimental setup for the sensor is provided in Figure S2 (of the SI document). In essence, analytes interact with the brominated-SWNT mat through weak dispersive or chemical forces. The interactions, which are related to the surface concentration of the analyte, perturb the electronic system of the mat, resulting in resistance changes, which are monitored and recorded using a lab built PXI-platform from National Instruments (NI), Model 1042.
We compared the Raman spectra of pristine SWNTs and Br functionalized SWNTs (see panel A of Figure 1 ). In general, three key Raman bands are used as the finger-print pattern of sp 2 bonds in carbon materials. These are the D-band (defect) at ca. 1350 cm −1 , the G-band (graphitic) at ca. 1600 cm −1 , and the 2D-band (second-order band) at ca. 2700 cm −1 . These bands are observed for all our samples, but with variations between the functionalized and pristine specimens. The G-band, which exhibits a Breit-Wigner-Fano line profile, broadens and upshifts (14 cm -1 ) upon Br functionalization. Such a change is expected with bromine functionalization of SWNTs, indicating electron transfer between Br atoms and SWNTs. [38] [39] [40] [41] The D-band is found to increase in intensity relative to the G-band and to exhibit broadening and upshifting; the latter, as in the case of the G-band, arise from charge transfer. The increase in relative intensity exhibited by the D-band indicates a decrease in structural order of the SWNT, and can be attributes to the formation of vacancies and the loss of some sp 2 character on the nanotube's surface resulting from bond formation with the functional groups. 42 And, since the photolysis reaction is not particularly harsh, the above changes are expected to be due to bromination alone. The radial breathing modes (RBMs), which lay between ca. 150 cm -1 and 300 cm -1 , are found to be considerably weaker after the functionalization, consistent with the impact expected when mass is attached to the nanotubes surface.
FTIR measurements also show clear differences between pristine and functionalized samples (see panel B of Figure 1 ). The FTIR spectrum of the pristine sample shows a band at ca. 1590 cm -1 that is attributable to C=C vibration. The band is slightly upshifted in the brominated sample, consistent with stiffening associated with doping. In addition, a relatively intense new band appears at ca. 650 cm -1 , which is attributed to a C-Br vibration 43 and suggests the successful incorporation of Br atoms to the SWNT.
We also employed thermogravimetric analysis on samples prepared using a 24 hrs photolysis reaction period. The data was compared to the pristine samples, as shown in panel C of Figure 1 . The pyrolysis was conducted in a N 2 atmosphere up to a temperature of 1000 o C. The pristine SWNT are relatively stable and thermogravimetric analysis resulted in a weight loss of 10% at 1000 o C. In the case of the brominated SWNT samples, the weight loss rate changed significantly at ca. 210 o C, followed by a further loss at ca. 350 o C (see the derivative data in panel D of Figure 1 ). The weight loss between the two regions can be attributed to thermal decomposition involving Br atoms and suggests a 15 wt.% (± 2 wt.%) loss, in good agreement of the EDX data (ca. 17 wt.%). A further de-composition step occurs between 510 and 600 o C, attributable to the decomposition of the SWNT. SEM investigations of the specimens showed no discernible differences between the pristine and Br-functionalized samples in terms of their morphology (e.g., see Figure S4A in the SI). Energy dispersive spectroscopy (EDX) was also used as this can show the level of bro-mine species present in the samples. Measurements were made for multiple samples that underwent the photolysis reaction for 12, 24 and 48 hours (Table S1 ); the EDX measurements indicated values of 7, 17 and 15 wt.% (± 4 wt.%), respectively. In Table S1 (see SI), the data shows that the incorporation of Br species reaches a saturation limit that does not increase for reaction times longer than 24 hrs. The above levels of Br incorporation substantially exceed previously reported values that reached yields only up to 8 wt.%. 27, 36 Because of the polar nature of halogen-carbon bonds, the hydrogen bonding capacity of halogen functionalized sp 2 carbon is improved resulting in enhanced affinity of the functionalized carbon species for aliphatic vapors or small molecular volatiles. To assess the gas sensing potential of Br-SWNT, we exposed Br-SWNT sensors to various one component vapors independently. The vapors used were HCl, NH 3 , HNO 3 , C 3 H 6 O, C 2 H 3 N, C 2 H 4 O 2 , H 2 SO 4 and N,N-dimethylacetamide. To conduct a measurement, initially, a baseline was established under a pure N 2 flow for at least 1 min. Then the sensor was exposed in periodic cycles of pure N 2 followed by carrier gas N 2 containing a selected analyte vapor and the sensor's response was measured. The sensor showed high sensitivity to the eight volatile compounds mentioned above for concentrations varying from ca. 286 to 1645 ppb. The concentrations calculated primarily from the measurement volume, specific density at 20 o C, the flow rate of the carrier gas, and molecular weights of compounds. Table S2 provides the calculated concentration for each analyte mixture. Injection of the analyte vapor was externally controlled by a solenoid driven valve and a flow meter. The shapes of resistance response curves differ for the various analytes. The simplest interpretation of the shape of the response to the presence or absence of analyte in the flow mixture is that adsorption build up occurs when the analyte is flowing, while when the flow of analyte is terminated, desorption occurs, as the carrier gas sweeps the analyte off of the electrode. This model suggests the possibility to differentiate between analytes based on measurement of their different response curves. Our analysis scheme is to determine the ratios of the response function areas when the analyte was present (i.e., the "on-time" area) to that when the analyte is not present (i.e., the "off-time" area) as a function of the percentage change in resistance (R); i.e., Panel B of Figure 3 shows random response cycles area ratios for several cycles of the various response curves (for the different analytes) shown in Figure 2 and Figure S5 as a function of ∆R%. The net effect of choosing different cycles for a given analyte is to define the inherent uncertainty to be anticipated for any given measurement. Additionally, when the random cycle measurements cluster together, as depicted in panel B of Figure 3 for several of the analytes, one can conclude that if a subsequent measurement of an area ratio for a single cycle (or the average of several cycles) for an unknown analyte falls within the cluster region, then the identity of the analyte can be inferred to a high level of confidence.
To summarize, we have demonstrated a facile and efficient means of functionalizing SWNT with Br based on a UV photolysis synthesis route. The functionalization yield is significantly higher as compared to other post CNT-synthesis approaches. In addition, we show for the first time, that the profile of the response curves for gas chemiresistor sensors could provide a means for analyte selectivity, in other words, gas identification.
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